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Edited by Peter BrzezinskiAbstract C-type cytochromes are characterized by post-trans-
lational covalent attachment of heme to thiols that occur in a
Cys-Xxx-Xxx-Cys-His motif. Three distinct biogenesis systems
are known for this heme attachment. Archaea are now shown
to contain a signiﬁcantly modiﬁed form of cytochrome c matura-
tion System I (the Ccm system). The most notable adaptation
relative to the well-studied apparatus from proteobacteria and
plants is a novel form of the heme chaperone CcmE, lacking
the highly conserved histidine that covalently binds heme and is
essential for function in Escherichia coli. In most archaeal
CcmEs this histidine, normally found in a His-Xxx-Xxx-Xxx-
Tyr motif, is replaced by a cysteine residue that occurs in a
Cys-Xxx-Xxx-Xxx-Tyr motif. The CcmEs from two halobacte-
ria contain yet another form of CcmE, having HxxxHxxxH
approximately corresponding in alignment to the H/CxxxY mo-
tif. The CxxxY-type of CcmE is, surprisingly, also found in
some bacterial genomes (including Desulfovibrio species). All
of the modiﬁed CcmEs cluster together in a phylogenetic tree,
as do other Ccm proteins from the same organisms. Signiﬁ-
cantly, CcmH is absent from all of the complete archaeal gen-
omes we have studied, and also from most of the bacterial
genomes that have CxxxY-type CcmE.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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C-type cytochromes are widespread proteins characterized
by covalent attachment of the iron cofactor heme to protein
through thioether bonds formed between the heme vinyl
groups and the thiols of two cysteines in a CxxCH motif [1].
The histidine is usually an axial ligand to the heme iron. Mito-
chondrial cytochrome c is the best known such protein, but
there are many other distinct c-type cytochrome centres, e.g.
in bacteria, that function in electron transfer or occur at the
catalytic sites of enzymes.*Corresponding author. Fax: +44 1865 275259.
E-mail address: stuart.ferguson@bioch.ox.ac.uk (S.J. Ferguson).
1 These authors contributed equally to this work.
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.07.073Remarkably, evolution has produced multiple distinct bio-
genesis systems to achieve the post-translational covalent
heme attachment to apocytochromes c; three have been char-
acterized [2,3]. System I, also called the cytochrome c matura-
tion (Ccm) system [4], consists of up to nine dedicated
proteins (CcmABCDEFGHI) and several accessory proteins
(mainly involved in disulﬁde bond oxidation/reduction). This
apparatus is found in a-, some b- and most c-proteobacteria,
deinococci and the mitochondria of various eukaryotes
including land plants, red algae and ciliates. System II [5] oc-
curs in d-, e- and some b-proteobacteria, at least one c-prote-
obacterium, most Gram-positive bacteria, plant and algal
chloroplasts and cyanobacteria. Signiﬁcant recent advances
from the laboratory of Kranz [6,7] have shown that System
II consists of just two essential proteins, ResB and ResC
(sometimes found as a single fusion protein), and two acces-
sory proteins for disulﬁde bond oxidation and reduction
(ResA and either CcdA or DsbD). Biogenesis System III,
the enzyme heme lyase, is found in the mitochondria of fungi,
metazoans and some protozoa.
The Domain Archaea represents the major group of organ-
isms in which cytochrome c biogenesis has not been studied
signiﬁcantly. Very recently, Bertini and co-workers undertook
a detailed bioinformatic study of the occurrence of c-type
cytochromes in all the domains of life [8]. Searching com-
pletely sequenced genomes, they identiﬁed four archaea that
contain certain types of cytochrome(s) c. Following that
work, and because a signiﬁcant number of archaeal genomes
are now complete, we have undertaken an in silico inves-
tigation of the cytochrome c biogenesis apparatus of the
archaea.2. Results and discussion
Our investigation commenced with the complete genomes of
the four archaea identiﬁed by Bertini et al. [8] as containing at
least one c-type cytochrome. These organisms are Aeropyrum
pernix K1, Archaeoglobus fulgidus DSM4304, Methanosarcina
acetivorans C2A and Pyrobaculum aerophilum IM2. We que-
ried the archaeal genomes using tools at either Pedant
(http://pedant.gsf.de/) or NCBI (http://www.ncbi.nih.gov/Gen-
omes/) and protein sequences representative of cytochrome c
biogenesis System I (from Escherichia coli, Rhodobacter capsul-
atus and Deinococcus radiodurans), System II (from Arabidop-
sis thaliana, Geobacter metallireducens and Bacillus subtilis)
and System III (Saccharomyces cerevisiae and Homo sapiens).
For System I, we searched using the characteristic markerblished by Elsevier B.V. All rights reserved.
4828 J.W.A. Allen et al. / FEBS Letters 580 (2006) 4827–4834proteins CcmB, CcmC, CcmE, CcmF and CcmH. 2 For Sys-
tem II, we chose ResB and ResC. For System III we searched
using the two heme lyases from S. cerevisiae (cytochrome c
heme lyase and cytochrome c1 heme lyase), and the single
human heme lyase. Searches were ﬁnalised as of 31 May 2006.
It was clear from these initial searches that the complete
archaeal genomes that contain c-type cytochromes all contain
biogenesis System I (Table 1). We found no evidence for the
presence of Systems II or III in any of these organisms. This
concurs with an early observation by Goldman and Kranz
reporting on emerging genes from A. fulgidus [10], but is much
more extensive both in the range of biogenesis proteins and the
range of organisms investigated. Notably, however, the version
of System I present in the archaea is signiﬁcantly modiﬁed
compared with that characterized in proteobacteria and plant
mitochondria.
2.1. A novel form of CcmE highlighted by the archaea
CcmE is a heme chaperone and functionally by far the best-
studied of the Ccm proteins [11]. The protein from proteobac-
teria and from plant mitochondria has been shown to bind
heme covalently through a histidine residue (His130 using
E. coli residue numbering 3) [12,13]; the covalent adduct is be-
lieved to be an intermediate in cytochrome c maturation
[12,14]. Thus, residue H130 has been thought to be universally
conserved and functionally essential. However, inspection and
sequence alignment of the CcmE proteins from A. pernix, A.
fulgidus, M. acetivorans and P. aerophilum (Fig. 1A) indicates
that this histidine is replaced by a cysteine. Residue 134
(E. coli) is a tyrosine that is thought to act as a ligand to the
iron of the covalently bound heme of CcmE [15]; this tyrosine
is conserved in these archaeal sequences (Fig. 1A), as well as in
all the proteobacterial/plant (H130)-type CcmEs.
Using the sequences of archaeal CcmEs containing the novel
‘‘CxxxY motif’’ as BLAST queries, we have identiﬁed a total
of 15 CcmEs with this motif (Fig. 1A and Table 1). These in-
clude six from archaea (A. pernix, A. fulgidus, M. acetivorans,
P. aerophilum, Methanosarcina mazei and Methanococcoides
burtonii) and, surprisingly, nine from diverse bacterial classes
and species; Chloroﬂexus aurantiacus J-10-ﬂ (Chloroﬂexi),
Cytophaga hutchinsonii and Salinibacter ruber DSM13855
(Bacteroidetes), Carboxydothermus hydrogenoformans Z-2091
and Halothermothrix orenii H168 (Firmicutes), Leptospira
interrogans serovar Copenhagen str. Fiocruz L1-130 (Spiro-
chaetes), Solibacter usitatus Ellin6076 (Acidobacteria) and
the d-proteobacteria Desulfovibrio vulgaris Hildenborough
and Desulfovibrio desulfuricans G20.
Supporting evidence for our assignment of these archaeal
and bacterial proteins as a novel variant of CcmE (Table 1)
comes initially from sequence data; for example, they share
16–26% identity and 26–43% similarity with E. coli CcmE,
and this similarity including several very highly conserved res-2 Note that CcmA is a poor search choice because it contains the
Walker motifs characteristic of ATPases and generates a large number
of non-speciﬁc BLAST hits. CcmD is a very small protein (60 amino
acids) and generally very poorly conserved. CcmG has the thioredoxin
fold [9] and again generates a large number of non-speciﬁc hits. CcmI
contains TPR repeat motifs and also generates many non-speciﬁc
BLAST hits. The remaining Ccm proteins can be considered as distinct
markers for the Ccm system.
3 Position 190 in the sequence alignment in Fig. 1A.idues (>95%) occurs throughout the polypeptide chain
(Fig. 1A). The putative CcmEs are all around the expected
(typical) size for CcmE. Further very strong evidence is found
in the co-organisation of the ccm genes in some of the archaea
and bacteria we have considered. In the A. fulgidus genome,
the gene for the putative CcmE is contiguous with a very
strong homologue of E. coli CcmF. In P. aerophilum, the gene
we assign as ccmE is between genes encoding homologues
of CcmC and CcmF. The genes coding for the readily recognis-
able proteins CcmB, CcmC, CcmE and CcmF (see footnote 2)
all occur together in the bacteria Cytophaga hutchinsonii, D.
vulgaris, D. desulfuricans, Chloroﬂexus aurantiacus, S. usitatus
and H. orenii. Note that in Table 1, consecutive gi (gene iden-
tiﬁcation) numbers indicate adjacent genes in the genome se-
quence. In some cases (e.g. in M. acetivorans, A. pernix, S.
ruber and C. hydrogenoformans), the genes we have assigned
as ccmE are not arranged with other Ccm genes in the genome.
However, we are conﬁdent about our assignment of CcmE in
these organisms because of the signiﬁcant sequence similarity
of their putative CcmEs with the CcmEs from organisms
where ccm genes are co-organised (cf. Figs. 1A and 2A). Note
that the overall genetic organisation of the Ccm system varies
considerably in the organisms we discuss here. Sometimes, as
described above, the Ccm genes are all found together. In other
cases a few are together (e.g. CcmB and CcmC in M. acetivo-
rans, M. burtonii, M. mazei and L. interrogans, or CcmE and
CcmF in A. fulgidus and L. interrogans), with the remainder
elsewhere in the genome. Finally, in a few of the organisms
(A. pernix, S. ruber and C. hydrogenoformans), none of the
Ccm genes we have identiﬁed are located together in the
genome. It should be noted that ccm genes are frequently
non-contiguous in other organisms, for example in many
a-proteobacteria.
The substantial group of CcmEs with cysteine in place of the
key histidine residue (Table 1) all cluster together in a phyloge-
netic tree (Fig. 2A). Thus, they seem likely to represent a dis-
tinct sub-group of CcmEs, which may be functionally diﬀerent
from those in other organisms. The eﬀect of mutation of resi-
due His130 to cysteine has been studied in E. coli CcmE and
does not abolish covalent binding of heme to the protein
[16,17], but renders the Ccm system incapable of maturing c-
type cytochromes [17]. Thus, conceivably, the novel group of
cysteine-containing CcmEs, described here in the archaea
and some bacteria, could be non-functional in c-type cyto-
chrome biogenesis. However, it seems much more likely that
the CxxxY-type CcmE will be functional. Several lines of evi-
dence support the latter hypothesis:
(i) Each archaeon containing this unusual cysteine form of
CcmE contains the gene for at least one probable c-type
cytochrome (see below). Some cytochromes c from these
archaea have been puriﬁed or studied biochemically [18–
21], so must have been handled by a functional biogenesis
apparatus.
(ii) No other known cytochrome c maturation proteins are
present in these archaeal genomes. Thus, Occam’s Razor
suggests that archaeal cytochrome c maturation will be
mediated by the Ccm proteins, including the novel CcmE.
CcmE is essential for cytochrome c maturation in the
proteobacterial Ccm apparatus [12,22].
(iii) There are further modiﬁcations to the archaeal-type Ccm
system compared with the well-studied apparatus from
proteobacteria/plants, which presumably compensate
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J.W.A. Allen et al. / FEBS Letters 580 (2006) 4827–4834 4829for, and function with, the modiﬁed CcmE. Other essen-
tial Ccm proteins from the organisms containing CxxxY-
CcmE, (CcmB, CcmC and CcmF), cluster similarly to
those CcmEs in phylogenetic trees (e.g. Fig. 2B for
CcmB). 4 This includes the proteins from archaea and
from the bacteria with the CxxxY-type CcmE. Thus,
the whole Ccm apparatus is modiﬁed (co-evolved) com-
pared with that in other organisms. For example
(Fig. 1B), there are a number of residues conserved in
the proteobacterial/plant-type CcmB that are not con-
served in the archaeal-type (residues shown in green),
and others conserved in the archaeal but not in the pro-
teobacterial-type (residues shown in yellow). As these se-
quence variations have not been studied experimentally it
is not clear what the functional implications would be; it
is, however, clear that there are signiﬁcant diﬀerences.
2.2. The absence of CcmH
A further key diﬀerence between the ‘‘typical’’ proteobacte-
rial/plant Ccm system and the archaeal-type Ccm system is the
absence (or extreme divergence) of CcmH in the latter organ-
isms. As stated above, we have identiﬁed 15 organisms that
contain CxxxY-type CcmE (Table 1); 10 of these have com-
pletely sequenced genomes (Table 1). We have been unable
to identify CcmH in 8 of those 10 genomes, including all ﬁve
relevant complete archaeal genomes. 5 In contrast, in a search
of 150 genomes containing ‘‘normal’’ HxxxY-type CcmE, 145
of them contain CcmH (the exceptions all being species of the
a-proteobacteria Rickettsia or Neorickettsia; EMH and SJF,
unpublished observations). Thus, we can make a strong, but
not absolute, correlation between the presence of CxxxY-type
CcmE and the absence of a recognisable CcmH. We can also
state that from the presently available data, archaea either lack
CcmH, or it is extremely divergent. Conversely, where HxxxY-
type CcmE is present, CcmH is almost always also present.
CcmH is essential for cytochrome c biogenesis in E. coli [23]
and other organisms [24], and so its absence from archaea is
intriguing. Available experimental data do not show a direct
link between the functions of CcmE and CcmH. However, they
could interact, as part of a complex also involving CcmF, as
shown by coimmunoprecipitation experiments [25]. It has been
shown by two-hybrid analysis for the plant mitochondrial Ccm
system that CcmH interacts with an apocytochrome [26], so a
situation where the apocytochrome is then presented to CcmE
for heme attachment can be envisaged [27]. However, if, as has
been postulated [28], CcmH acts as a disulﬁde oxidoreductase
involved in reducing the CxxCH motif of apocytochromes c, it
is possible that other such proteins perform this function in ar-
chaea. The latter contain CcdA, a protein that transfers elec-
trons across the cytoplasmic membrane and has been
implicated in cytochrome c biogenesis in some bacteria [5,29].
2.3. A further variation of CcmE in halobacteria
One archaeal class, the Halobacteria, appears to contain a
further variation of CcmE, with neither the typical plant/pro-
teobacterial HxxxY heme-binding motif, nor the novel CxxxY4 Data for CcmC and CcmF will shortly be available elsewhere (Lee,
Harvat, Stevens, Ferguson and Saier, in preparation).
5 The two exceptions where we can ﬁnd CcmH homologues are the
bacteria C. hydrogenoformans and L. interrogans.
4830 J.W.A. Allen et al. / FEBS Letters 580 (2006) 4827–4834motif reported here. We have identiﬁed such proteins in two
organisms, Haloarcula marismortui ATCC43049 and Nantro-
monas pharaonis DSM2160 (Table 1 and Fig. 1A). These
CcmEs do, however, cluster with the archaeal and bacterial
CxxxY-type CcmEs in phylogenetic trees (Fig. 2A) and occur
in clusters containing several ccm genes in the respective gen-
omes. They also both contain the sequence HxxxHxxxH which
is close to alignment with the CxxxY or HxxxY motif of other
CcmEs (Fig. 1A). For reasons similar to those outlined above
for the CxxxY-type CcmEs, we argue that the halobacterial
CcmEs are likely to be functional in cytochrome c maturation.
The genomes of these two organisms are complete and contain
no other likely CcmE homologue. Note that CcmB, CcmC and
CcmF from H. marismortui and N. pharaonis each also cluster
with the proteins from the organisms that contain CxxxY-type
CcmE (e.g. Fig. 2B).
2.4. Remarkable cytochrome c maturation in Desulfovibrio?
The d-proteobacteria Desulfovibrio vulgaris and D. desulfuri-
cans are the only proteobacteria we have identiﬁed containing
CxxxY-type CcmE. These organisms are known from bio-
chemical studies to contain numerous c-type cytochromes,
e.g. [30,31]. D. vulgaris contains the Ccm genes ccmEFABCD
in a single cluster (gene ids 46579464-59) and a likely CcmG
homologue (46581479). As with most of the CxxxY-CcmE
containing genomes, we were unable to ﬁnd a recognisable
homologue of CcmH. However, we were able to ﬁnd a clear
homologue of the System II cytochrome c biogenesis protein
ResC in the genome (gene id 46579873). We could not identify
a homologue of ResB, the other essential ‘‘core’’ protein of
System II, although ResBs are more divergent than ResCs. It
seems unlikely that ResC would substitute for CcmH in a
modiﬁed Ccm system, but these observations do raise the pos-
sibility that Desulfovibrio species use a hybrid System I–System
II for their cytochrome c maturation. Alternatively, for exam-
ple, a divergent ResB may be present such that Desulfovibrio
species have Systems I and II in their genomes (as is the case
for several b-proteobacteria [3]), or the Desulfovibrio ResC
may be an evolutionary relic, non-functional for cytochrome
c maturation in the absence of ResB.
2.5. C-type cytochromes in the archaea
We have further investigated the genomes of the eight ar-
chaea that contain a novel CcmE 6 (Table 1), to try to identify
at least one c-type cytochrome in each organism. In some
cases, biochemical data are available, while Bertini et al. have
identiﬁed c-type cytochromes in the genomes of A. pernix, A.
fulgidus, M. acetivorans and P. aerophilum based on the pres-
ence of the conserved mitochondrial cytochrome c fold in con-
junction with a CxxCH motif [8]. Otherwise, suitable criteria
for identifying possible c-type cytochromes in the genomes
(e.g. multiheme proteins with other folds) are the presence of
one or more characteristic CxxCH c-type cytochrome heme-
binding motifs, the presence of an export signal sequence
and/or an N-terminal membrane helix anchor (c-type cyto-
chromes are always found on the positive side of an energy
transducing membrane, e.g. in the bacterial periplasm or6 A. pernix, A. fulgidus, H. marismortui, M. acetivorans, M. burtonii,
M. mazei, N. pharaonis and P. aerophilum.extracytoplasmically in archaea) and, where possible, homol-
ogy with a known c-type cytochrome.
As examples, A. fulgidus contains a heterodisulﬁde reduc-
tase-like menaquinol oxidoreductase c-type cytochrome sub-
unit with three CxxCH motifs which has been puriﬁed [18]
(gene identiﬁcation number (gi) 11498114), and a protein that
is likely to be a c-type cytochrome (gi 14424127) because it has
ﬁve CxxCH motifs and a signal peptide. M. acetivorans con-
tains homologues of multiheme c-type cytochromes; two pro-
teins with two CxxCH motifs that are very homologous to
di-heme cytochrome c peroxidase (gi 19916907 and
19916924), and one with ﬁve CxxCH motifs (gi 19914458). 7
The latter protein has been postulated as a c-type cytochrome
based on sequence and biochemical data [21]. A monoheme c-
type cytochrome in the genome of P. aerophilum is a putative
homologue of the c-type cytochrome domain of cytochrome
cd1 nitrite reductase (gi 18161772), whose gene is adjacent to
that for the homologue of the d1 domain. This organism con-
tains biochemically identiﬁed c-type cytochromes, probably
subunits of the nitrite reductase and of a cytochrome bc1 com-
plex [19]. N. pharaonis and H. marismortui both contain strong
homologues of di-heme cytochrome c peroxidase (gi 76802826
and 55378157, respectively). In these two cases, the genes for
the c-type cytochromes are adjacent in the genome to genes
encoding proteins of the c-type cytochrome assembly system.
M. burtonii contains a number of multiheme c-type cyto-
chrome candidates. Particularly notable is a protein (gi
91772112) that contains seven CxxCH motifs and one CxxCK
motif and is a possible homologue of NrfA, an enzyme that
reduces nitrite to ammonia. The genome also includes two
proteins, each with ﬁve CxxCH motifs and a signal sequence
that are also good candidate cytochromes c (gi 91773358 and
91774286). The former is highly homologous toM. acetivorans
protein gi 19914458 (see also footnote 7 and [21]). Finally, M.
mazei contains a protein with ﬁve CxxCH motifs that is a good
homologue of known multiheme c-type cytochromes, although
it does not have a clear signal sequence (gi 21226735). This
organism additionally contains at least two c-type cytochromes
that have been biochemically detected [20].
It is notable that c-type cytochromes are not especially com-
mon in the archaeal genomes sequenced to date. This could
suggest that the archaeal cytochrome c biogenesis genes have
been acquired from an organism related to the present day
bacteria that have the variant Ccm system; such transfer might
be expected to be accompanied by transfer of genes for c-type
cytochromes themselves. Future characterisation of c-type
cytochromes in archaea should establish which of the several
types of these proteins [33] are present. This information
may in turn help us understand how c-type cytochromes have
arisen in archaea.3. General discussion and conclusions
There is clear bioinformatic evidence that archaea contain a
modiﬁed form of the Ccm apparatus (System I) for maturation7 Note that this protein and its close homologue gi 91773358 from M.
burtonii also have one CXXXCH motif and one CXXXXCH motif.
Studies have shown that the proteobacterial Ccm system is capable of
covalently attaching heme to such motifs [24,32] so these proteins may
bind covalently up to seven hemes.
Fig. 1. Sequence alignments of (A) CcmE and (B) CcmB, based on 168 and 145 proteins, respectively, retained after elimination of redundant
sequences (deﬁned as proteins of greater than 90% identity). The CcmE/CcmB homologues were retrieved from the NCBI database (E values 6104).
The CD-hit program [36,37] was used for elimination of redundancies and the CLUSTAL X program [38] for multiple alignment of homologous
sequences. The protein sequences from organisms that contain a novel CcmE with either a CxxxY or HxxxHxxxH motif are shown. Abbreviations
for such organisms are as deﬁned in Table 1. For comparison, a few sequences from organisms that have ‘‘typical’’ (HxxxY-type) CcmE are also
shown; these are Eco (Escherichia coli, c-proteobacterium), Vﬁ (Vibrio ﬁscheri, c-proteobacterium), Neu (Nitrosomonas europaea, b-proteobac-
terium), Pde (Paracoccus denitriﬁcans, a-proteobacterium), Bhe (Bartonella henselae, a-proteobacterium), Wen (Wolbachia endosymbiont, a-
proteobacterium that clusters with the plant mitochondrial Ccm proteins). These were chosen as representatives of each major cluster in the CcmE
and CcmB phylogenetic trees (Fig. 2). In these alignments, the residues which are conserved in more than 95% of the proteins (from the 168 and 145
for CcmE and CcmB, respectively) are shown in red, those conserved in more than 95% of the proteins excluding the ‘‘novel’’ group are shown in
green and conserved amino acids speciﬁc for the ‘‘novel’’ group are highlighted in yellow. Similarities in hydrophobic residues in the CcmB alignment
have been ignored since the protein is membranous. The H/CxxxY or HxxxHxxxH motif of CcmE is boxed and the H or C residue of this motif is
shown in bold.
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tive to proteobacteria and plants is that archaeal CcmE lacks
the highly conserved histidine residue that covalently binds
heme in the E. coli protein and has been thought to be abso-
lutely essential for function. In most archaeal CcmEs, this his-
tidine is replaced by a cysteine residue (Fig. 1A and Table 1).
In these cases, a tyrosine residue four amino acids after the
His/Cys is completely conserved (i.e. H/CxxxY); this tyrosine
is a ligand to the heme iron in E. coli CcmE [15]. Note that this
CcmE CxxxY motif, like the more common CcmE-HxxxY and
c-type cytochrome CxxCH heme-binding motifs, is consistent
with the ﬁrst residue forming a covalent bond to a heme vinyl
group and the last residue acting as a ligand to the iron. The
CcmEs from two halobacterial species contain yet another
form of CcmE, having HxxxHxxxH approximately corre-
sponding in alignment to the H/CxxxY motif (Fig. 1A). The
CxxxY-type of CcmE is also, rather surprisingly, found in
some bacterial genomes (Table 1). Notably, the other archa-
eal-type Ccm proteins, including those from the relevant bac-terial species (Table 1), are, like the CcmE, modiﬁed
compared with their more familiar proteobacterial or plant
mitochondrial homologues (e.g. Figs. 1B and 2B). They each
cluster together in phylogenetic trees, suggesting that the mod-
iﬁed Ccm system found in these organisms has co-evolved. Sig-
niﬁcantly, CcmH is absent from all of the complete archaeal
genomes we have studied, and also from most of the bacterial
genomes that have CxxxY-type CcmE. The latter is a further
demonstration of the apparent modularity of the Ccm system.
What might be the functional consequences of the modiﬁca-
tion of CcmE to have the CxxxY motif? All of the archaea with
the modiﬁed Ccm apparatus contain genes for recognisable
candidate c-type cytochromes, which are likely to be matured
by the archaeal Ccm proteins. The archaeal-type CcmE may
covalently bind heme forming a cysteine–heme bond analo-
gous to the histidine–heme bond formed by proteobacterial/
plant CcmE. Such a bond would be a thioether bond, similar
to that in the product c-type cytochromes; a reaction involving
the breakage of one covalent bond in CcmE and the formation
Fig. 1 (continued)
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Fig. 2. Phylogenetic trees of (A) CcmE and (B) CcmB, based on the multiple alignments described in Fig. 1; these were constructed using the
CLUSTAL X program (1000 bootstrap trials) and drawn with the TreeView program [39]. Abbreviations for organisms are as deﬁned in Table 1. For
simplicity, the clusters containing the a-proteobacteria (a), c and b-proteobacteria (c + b), a-proteobacteria which group with photosynthetic
mitochondrial proteins (a + photosynthetic eukaryotes) and Deinococci/Actinobacteria are shown schematically.
4832 J.W.A. Allen et al. / FEBS Letters 580 (2006) 4827–4834of two such bonds in a cytochrome could be favoured thermo-
dynamically. Formation and breaking of such a CcmE–heme
thioether bond would depend on modiﬁcation of the other
Ccm proteins relative to those in proteobacteria because in
E. coli mutation of His130 to Cys signiﬁcantly reduces cova-
lent heme attachment to CcmE and abolishes cytochrome cmaturation [16,17]. It is not known how the histidine–heme
bond in E. coli CcmE, which forms between the b-carbon of
a heme vinyl group and the Nd1 of the histidine [34], is broken.
Alternatively, archaeal-type CcmE may not form a covalent
bond to heme. Cysteine is a potential ligand to heme iron
and may enable archaeal CcmE to handle heme diﬀerently
J.W.A. Allen et al. / FEBS Letters 580 (2006) 4827–4834 4833from the proteobacterial-type (HxxxY) CcmE. The same is
true of the putative HxxxHxxxH motif in the two halobacterial
CcmEs. Note that no intermediate covalent heme–protein
complexes have yet been reported in biogenesis Systems II
and III. Failure to form a covalent bond between archaeal-
type CcmE and heme might result in, or from, the observed ab-
sence of CcmH in most of the organisms that have one of the
novel forms of CcmE; CcmH is known to function after cova-
lent attachment of heme to CcmE in the proteobacterial Ccm
pathway. Finally, we note that some archaea, e.g. P. aerophi-
lum, contain modiﬁed forms of heme [35] with additional sub-
stituents on the porphyrin ring. Cytochrome c maturation
proteins in such organisms must be able to handle these mod-
iﬁed hemes when attaching them to c-type cytochromes. How-
ever, the presence of the archaeal-type Ccm proteins in
bacteria and archaea that use typical heme (Fe–protoporphy-
rin IX) suggests that the modiﬁcations to the Ccm proteins
are not solely attributable to, and probably not evolutionarily
driven by, a need to use modiﬁed hemes.
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